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INTRODUCTION

1. BACKGROWND

A varistor is a two-terminal, nonlinear terminal protection device used to
clamp a circuit node at a specified value and shunt current away from the load
being protected. In its nonconducting mode there is a small leakage current.
In ite conducting mode the voltage is clamped and large currents are shunted
through the varistor to ground. The varistor has a response time of a few
picoseconds so that the inductance in the leads is essentially the response
time limiter. These devices are excellent for transient protection and appli-
cations have been expanding rapidly for the last 10 years. Several companies
are manufacturing metal-oxide varistors (MOvs), including General Electric
(GE) and Panasonic. These manufacturers have derating tables .vailable for
the user, but these data do not discuss the burn-in of low power varistors
described in Ref. 1. Varistors with a clamping voltage of 18 vV were found to
have a 10 percent degradation in clamping voltage after the first transient
was shunted and little degradation for subsequent transients. This was accom-
panied by an increase in the leakage current and general flattening of the I-v
curve. Further burn-in phenomenon testing is described in Ref. 2 and is the
subject of this report.

2. THEORY OF OPERATION

The exact physics of the nonlinear behavior of a zinc-oxide (Zn0) varistor
is not known. Numerous explanations and models have been proposeg. Most
recently, holes have been added (Ref. 3) to the potential barrier model for
the conduction process in the intergranular matrix. This addition has
improved the amount of nonlinearity predicted by the model.

Figure 1 shows the grains and surrounding oxide matrix in a typical
varistor. The nonlinear I-V curve is shown in Fig. 2 along with the standard
power equation used to describe the curve. Alpha is used as a figure of merit
and is typically between 20 and 50. Figure 2 shows that the varistor appears
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as an open circuit with a small leakage current in its nonconducting mode
and as a small resistance in its conducting mode. The conducting mode is
triggered by the threshold voltage appearing across the terminals.

Basically, electrostatic potential barriers are formed at the grain bound-
aries between the ZnO grains, which are equivalent to the depletion regions
of p-n junction diodes. Conduction begins when the applied potential ini-
tiates tunneling of carriers between Zn0 grains. The grains are relatively
good conductors. The nonlinear characteristics of the device are provided by
the combination of the grains with the bismuth and antimony oxide flux sur-
rounding the grains. Experiments (Ref. 4) show that the dielectric constants
for the Zn0 and the intergranular matrix are approximately 10 and 16, respec-
tively. The dielectric constant for the combination in a polycrystalline form
is 1000. The resistivity of the oxide flux is much greater than the ZnQ .
grains, so that the majority of an applied voltage is dropped across the
regions between the Zn0 grains. This is important for the discussion of
polarization.

3. OBXECTIVE

The aobjective of this work is to determine if all five types of varistors
manufactured by GE exhibit the same burn-in phenomenon seen in the low power
V33MALA tested in previous work (Ref. 1). This varistor had a significant
degradation in the nominal clamping voltage with the first pulse applied, even
when the pulse was within acceptable specifications for power and energy
dissipation. The V33MAlA has been tested again along with the other four
types.
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TEST RESULTS

1. DISCUSSION OF EXPERIMENT

The experiment was conducted in the Direct Drive Laboratory of the Air
Force Weapons Laboratory. A 100-J pulser was used for all devices. The
pulser delivered a double exponential waveform with a 100-ns rise time and a
10-us half pulse width. The test voltages are shown in Table 1. The test
plan includes a more complete description of the pulser configuration and the
required instrumentation.

2. DISCUSSION OF DATA

Five types of varistors were tested. The basic differences were in the
clamping voltage specifications and the current handling capabilities. The
package designs varied according to the current rating of the device. 1In
general, the smaller devices tended to show more degradation than the larger
devices. Polarization of the varistors was evident in all cases. Burn~in was
evident in some cases.

The appendices include three sets of data: the varistor I-V curves for
each varistor in Appendix A, the varistor voltage at two different currents as
a fun-tion of the number of consecutive pulses in Appendix B, and data tables
for those curves and the I-V curves data for varistor 21 in Appendix C.

Table 1. varistor pulsing values.

RATED INPUT PULSER
VI30HELS50  VOLTAGE  CURRENT TIME XFRM-V CHARGE -V
(V) (A) (us) (kV) (kv)
V33MALA 150 40 A 10 3.3 9.9 (3x)
V47ZA7 200 1000 A 10 4.4 13.2 (3X)
V275LA40A 1.3 10 A 10 28.6 28.6
V250PA40C 1.1 5 A 10 24.2 24.2
V130HE LS50 550 10 A 10 12.1 12.1
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The varistor I-V curves show that some polarization was achieved in all
five types of varistors by using a unipolar pulse. The degradation was fre-
quently greater in one direction through the varistor than in the other, indi-
cating polarization of the intergranular matrix. The varistor V-pulse curves
in Appendix B show that the polarization occurs in the direction opposite to
the pulsing. In other words, the voltage at 1 mA is lower in the negative
direction than in the positive direction after pulsing in the positive direc-
tion. This was consistent for all the devices. In all cases the pulse energy
was below the maximum level allowed by the specifications.

The data tables show the raw numbers used to generate the V-pulse curves.
Some devices were tested for more cumulative pulses than others. The decision
to continue pulsing was based on the amount of degradation apparent from the
raw data and on the survival rate for the type of device under test. The raw
data for the I-V curves are not included with this report. The plots serve to
illustrate the qualitative parameters under study.

2.1 V33MAlA--This varistor has a nominal voltage of 33 v at 1 mA and a 200-mW
power rating. The I-V curves for varistors 2 through 5, Figs. A-2 through
A-5, show a definite difference in the amount of degradation in the early part
of the curve based on the polarity of the curve data. The difference is less
noticeable for device 1. Figures B-2 through B8-5 show this more clearly. The
degradation is more pronounced for the 0.1 mA data than for the 1 mA data. It
is evident by an increase in the leakage current and a reduction in the
switch-like nonlinear behavior of the device. As the varistor degrades, it
acts more like a resistor as can be seen in Figs. A-1 through A-5. These
results are consistent with those of the first experiment.

2.2 VA47ZA7--This varistor has a nominal voltage of 47 v at 1 mA and a power
rating of 600 mW. Figures A-6 through A-10 show a consistent burn-in and less
consistent degradation with additional pulsing. The polarization is par-
ticularly evident in varistors 21, 23, and 24, where the flattening of the
curve is greatest measured in the polarity opposite to the pulsed polarity.
Figures B-6 through B-10 show that the polarization is even greater for the
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V47ZA7 than for the V33MAlA. Ffor varistor 21, there is a 10-v difference in
clamping voltages at both 0.1 mA and 1 mA after 1 and 2 consecutive pulses,
depending on the polarity of the measurement.

2.3 V275LA40A--This varistor has a nominal voltage of 430 V at 1 mA and a
transient power rating of 1 W. Figures A-11 through A-14 are less consistent
with the results needed to support the burn-in explanation. This could be due
to the increased current rating of these devices. Varistor 31 looks like the
previous plots but varistors 32 and 33 are not sufficiently separated to allow
for the error associated with these measurements. Figure B-12 shows polariza-
tion for varistor 31. Figure B-13 shows that an error was made in recording
the data resulting in an improper curve fit. Figure B-14 shows polarization
for varistor 33 but the data points at eight consecutive pulses and 0.1 mA
appear to be high by 100 v.

2.4 V250PA40C--This varistor has a nominal voltage of 390 v at 1 mA and a
transient power rating of 1.5 W. The PA series of varistors are not as strong
as the LA series. These PA type devices exhibit both polarization and burn-in
for the measured polarity, which is opposite to the pulsed polarity in every
case. However, the burn-in was small or not evident in the like polarities
for varistors 41, 43, and 44. In general, more pulses were required and con-
sequently more cumulative energy was required to degrade the type LA and PA
varistors than the smaller type MA and ZA varistors. Figure A-17 shows degra-
dation for consecutive pulsing similar to the smaller varistors. Figures B-16
through B-19 show significant polarization for all four varistors. The
starting data point for the 1 mA negative polarity measurement in Figure B-16
appears to be in error.

2.5 VI130HE150--This varistor has a nominal voltage of 200 vV and a transient
power rating of 1.5 W. This varistor is rated at 20 kA for 20 us which is
considerably more than the other varistor current ratings. The type HE
varistors have the highest energy rating of the five types tested. The test
results are consistent with this high energy rating. The drop in the I-v
curve was consistent for the measured polarity opposite to the pulsed
polarity. varistors S1 and 52 did not degrade for the common polarity case
after 13 cumulative shots.
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2.6 Standard Deviation and Error Bars--No error bars are included with these
curves because the plotting routine did not support this feature. The stan-
dard deviation for the DC I-V data was calculated to be within 1 V. The
method for this determination was discussed in Ref. 1.

3. DEGRADATION

There are two mechanisms which are likely candidates for the burn-in phe-
nomenon recorded by this experiment. One is the filling of traps in the
intergranular matrix. The other is the polarization of permanent electric
dipoles which exist in the structure of the intergranular matrix.

The integranular material in a varistor is an insulator. The primary
ingredients are bismuth and antimony oxides with much smaller amounts of
cobalt, manganese and chromium oxides. The ZnQO grains are good conductors
relative to the surrounding matrix. A space charge region is formed at all
interfaces between the two materials. Figure 3 shows the space charge region
with traps in the insulator. The space charge region’s characteristics will
be affected by changes in the density of traps. The relationship between the
trap density and the varistor characteristics; Vn(DC) (the nominal clamping
voltage), and alpha (the figure of merit for the varistor from the slope of
the I-v curve) is developed from basic insulator solid state physics.

For low voltages, the insulator follows Ghm’s law.
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J=en u— ) (1)

where

the current density, A/cm?

(&)
n

the electron charge in Coulombs

1]
"

]
1}

r < '
i

the thermal carrier density, electrons/cm?
the free carrier mobility (very small for an insulator)

the applied voltage
the thickness of the insulator, cm

.......
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o

(b) With a voltage applied, Tra

Figure 3. Potentials at the interface.

At the transition between ohmic and nonlinear behavior, the Mott-Gurney
law (Ref. 10) is used. This transition occurs at some threshold voltage, Vtr’
determined by,

€
enL = QinJected =CVyp = LV, (2)
enoL? '
Vip = — (3)
<

where

€ = the permittivity of the insulator, F/m

In order for nonlinear conduction tc occur, the injected excess free elec-
tron density, n, becomes approximately equal toc the thermally generated
electron density, n,, (Ref. 4); i.e.,

n=xn
0
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Between the conduction and valance bands, the free electron density

Ftd - Eq
Ny = Ncexp(—-—kT——) (4)
where
Nc = the effective density of states in the conduction band
Ftd = the thermodynamic Fermi level
Ec = the energy level for the bottom of the conduction band
kT = the thermal energy

from Fermi-Dirac, the electron trap occupancy is

N
nt = tE —_F (5)
1+3exp <-£—=——£g>
g kT
where
Nt = the trap density
Et = the trap energy level
g = the trap generation factor

The thermal equilibrium exists when the electron generation equals the
electron capture rate. This balance is not significantly affected by the
application of a small electric field. The equilibrium is calculated with the
free electron density which includes the injected electrons, n(x) from a small
electric field.

F (x) -E
n(x) = N_exp (.l____.E (6) F
c kT
where
. Fn(x) = the electron steady state Fermi level.
.
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Now the electron trap occupancy with the injected electrons is:

t
n.(x) = — (7
¢ 1+ l.ex EE—:-EEE:l>
g P i kT

and a thermal equilibrium with some free carriers exists.

It is convenient to simplify Eq. 7 further to illustrate the relationship
between the traps and the carriers.

Let
E, - E
N = Ncex°<‘E;T"E) - (8)
then
E, - E
N Ncexp( tkT c)
n(x) - F (x) - Ej
n c
Ncexp (——kT_-
E, - E E - F (x)
N t c c n
Ay = o0 () e ()
E, - F (x)
Ay = o () ©)
and
Ny
nt(x) = 5 (10)
+
1 aﬁr;j

The denominator of Eq. 10 represents the effect of the relative energy

level of the traps. There are two cases of interest which simplify this deno-

minator further.

10
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As long as Et - Fn(x) > kT then

1+ —N_ N (11)

gn(x)  gn(x)

and the traps are labeled “shallow”. For shallow traps the ratio of free
electron density to trapped electron density is a constant independent of
n(x), the free carrier density at position x. In other words, from Eqs. 10
and 11,

n(x N
= ——=z=C (12)

ng(x g\lt

when traps are considered in Eqs. 1 and 3 for J and vtr’ this constant, C,

reduces the transition voltage between the ohmic and nonlinear conduction

regions of the insulator.

J = Cen u? (13)
and
2
v _ enoL (14)
tr © ¢ce

For the case when Fn(x) > Et’ the exponential power in Eq. 7 is negative and

n (x) = N (15)

t

The traps in this case are labeled “deep™. The electron injection level
determines the relative differences between shallow and deep traps. As n(x)
increases, Fn(x) moves higher toward the conduction band through the forbidden
energy gap.

As F_(x) moves through a shallow trap at Et' that trap becomes a deep
trap. This alters the I-v characteristics of the insulator.

11

A
o 2te e
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As a general rule, current injection becomes dominant when the voltage
applied is sufficient to double the free carrier density, n = 2n,.

At this density, all of the traps are full below Et and,

eNth
Vir = ¢ = VirL (16)
where
ViRl = the voltage with the traps filled to the limit below Et

Armed with an expression for a threshold voltage as a function of the den-
sity of traps, consider the prabable mechanisms by which burn-in could occur.
Burn-in was evident from a reduced voltage in the nonlinear region of the
curve and by a reduced a. The reduced a is evident in both directions for the
smaller varistors and in the direction opposite to pulsing for the larger
varistors.

Using Eq. 16, if Nt’ the density of traps 1s reduced then the voltage is
reduced. If €, the permittivity is increased, the voltage is reduced.

Also when n = 2n , the ratio of currents at 2VTFL is,

I(2v__ ) 2n(2v__) N
TFL TFL .t

~

IV ) Vg )

This approximation can be used in the equation for a.

E (;_;)_ H‘ﬁ)]

a = v (18)
log ( Y2 ) log2
vl

Ny
@~ 3.32 log | =~ (19)

[}

12
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So, if N_ is reduced, a is also reduced.

t

Evidence suggests that both N is reduced and a is increased. This would
account for a burn-in degradation in either polarity and a greater degradation
in the polarity opposite to the pulsed polarity. The density of traps may be
reduced simply by filling deep traps which remain filled after the initial
pulse. This would be more pronounced with smaller, thinner varistors that
have fewer interfaces between the grains. This could occur in conjunction
with the mechanism for raising the permittivity, which is polarization.

The insulating matrix consists of molecules which are more loosely bound
than those in the Zn0 grains. The flux surrounding the grains is sintered at
1350°C so that all grains are coated but none of the key ingredients are
evaporated. Permanent electric dipoles exist in the intragranular matrix. A
molecule will have a permanent electric dipole moment if the centers of posi-
tive and negative charge do not coincide. This occurs with all five of the
typical ingredients in MOV insulators. Cobalt oxide and manganese oxide are
diatomic heteronuclear molecules whose charge centers do not coincide. The
dipole moment is given by,

(q) x (r) (20)

o
n

where

the amount of charge
the separation between the charge centers.

The separation, r, is usually taken as the measured bond length from x-ray
diffraction. The charge, g, can be calculated from the measured dipole
moment. .

Polyatomic molecules such as bismuth, chromium and antimony oxides also
have permanent dipole moments. Reorientation as a result af high voltage
pulsing would reduce the electric field sustainable across the varistor.
Recall that the ZnQ grains are good conductors relative to the other material.
A change in the electric field in the intergranular matrix could significantly

13
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affect the varistors as a whole. The Intergranular bonds are weak enough to
allow polarization but strong enough to prevent the dipoles from relaxing
immediately when the electric field is removed.

Recall the polarization vector,

P=XEE=0-€E (21)
X == (2)
e €o -1

p=3 23

A (23)
where

€ = the permittivity €r€°
Cr = the relative permittivity or dielectric constant
€, = the permittivity of free space, ~8.85 x 10-'% F/m

E = the electric field strength

D = the electric flux density

A = the area over which the field is distributed

d = the thickness of the material

The voltage across the device can be found from

V = Ed (24)
P __9 _

i (25)
Pd _gd _,

CD B CO

V= Vapplied - z_d (26)

0

So, the polarization adds to or subtracts from the applied voltage,
depending on its sign. In this case, € is very large (zIOOOCo ), therefore,
P is very large.

14




As example, consider varistor 21, type V47ZA7. Equation 18 will serve to
calculate the a’s which can be used to show the change in Ny and the polariza-
tion. Using Eq. 18,

a,, = = 26.27
o+ 47.43
log\33.45

a =—2L = 23.67
0~ L 47 .68
09\ 43.26

1

a = = 10-42
1+ 44,90
logl34. 00

a l = 5.17

where + and - indicate the polarity of the measurement. If the polarization
is removed, numerically, by

38.09 + (Za.90 - 29599)
then
é‘ a = 1 24,9
- o " 47.68 - 47.43\\
- 47.43 + >
* log 4345 - 43.26
) 43.26 + >
1
a, = = 7.6
! (44.90 - 38.09
38.09 + | >
log 36.00 - 25.41
25.41 +
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Now these a's can be substituted in Eq. 19. Let P = 10'* @ cm and
U= l c‘nst. If

o 8 a8 g

n, = —— = 10%/cn’ (27)

Then from Eq. 19, N, , = 3.2 x 10!? and Npgr = 2.0 X 107, so N, was reduced
from 102 to 107 by the filling of traps with the first pulse.

Caman o e

Now if the polarization is calculated for the change from zero pulses to
one pulse on varistor 21, from Eq. 26,

ha A 4 an aa s g

\ &V, = 44.90 - 38.09 = 6.81
AV, = 36.00 - 25.41 = 10.59
it TRV
z -4 V=—¢
Mo o5, 00 (28)
2 -7 s

where 4Av, , is the voltage difference between the positive and negative
polarity measurements at 1 mA after 1 puse. The AV, is the voltage dif-
ference between the positive and negative polarity measurements at 0.1 mA
after 1 pulse. The raw data for varistor 21 are included in Appendix C. The
raw data for the entire experiment are available but not included here. The
thickness, d, of the varistor is proprietary. However, the polarization left
in the form shown serves to illustrate the + or - effect on the applied

voltage.

It has shown that the a’s and the clamping voltages are reduced by pulsing
and that a change in the filled trap density along with a change in the polar-
ization may be responsible. Further work could be done to measure the actual
trap densities and the polarization before and after pulsing. This may be
difficult to do nondestructively.
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CONCLUSIONS

varistors are subject to degradation. The burn-in and subsequent degrada-
tion seen in the data can be explained by the filling of traps at the grain
boundaries and the polarization of the permanent electric dirales in the
intergranular matrix. A reduction in the density of filled traps from 1 x
1012 to 1 x 107 appears excessive. However, the value for the thermal carrier
density taken from Ref. 5 may also be low. Further work is needed to quantify
the trap density experimentally before and after the burn-in,

The evidence presented suggests that the varistor material polarizes as a
result of unipolar pulsing and that the clamping voltage and leakage current
are degraded. The new low power line of varistors are more susceptible to
this degradation than larger models. Smaller varistors are thinnmer and have
less grain boundaries, so degradation as a result of both traps and polariza-
tion is more pronounced. This conclusion is well supported by the fact that
the degradation occurs for all five sizes of varistors when the measured
polarity is opposite to the pulsed polarity. But when the measured polarity
is in the same direction as the pulsed polarity, only the smaller devices with
lower power ratings exhibit degradation.

The popularity of varistors as overvoltage protection is increasing and
the user must be aware of the conditions which degrade varistors and the
amount of degradation to expect for a given varistor in a given application.
Care should be taken in the selection of a varistor to allow for degradation.
In some cases a monitoring system may be required to detect degradation below
some threshold. The testing done in this study concerns unipolar pulsing of
varistors below the rated energy level in joules. A comprehensive study of
the sources of both bipolar and unipolar transients would also be helpful.
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APPENDIX A

VARISTOR I-V CURVES

Appendix A contains the varistor I-V curves for all varistors tested. The
curves are labeled with the varistor number, the pulsed polarity and the
measured polarity. The legend identifies the progressive degradation in the

I-v characteristics with successive pulsing.
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Figure A-1. 1I-V curves for varistor 1.
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Figure A-9. -V curves for varistor 24.
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Figure A-13. I-V curves for varistor 32.
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Figure A-16. I-V curves for varistor 41.
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Figure A-17. 1I-V curves for varistor 42.
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APPENDIX B

VARISTOR CLAMPING VOLTAGE CURVES

Appendix B contains the curves for the varistor clamping voltage, for 0.1

i mA and 1 mA, as a function of the number of consecutive pulses. The curves
y are labeled with the varistor number and the pulsed polarity. Both positive
- and negative measured polarities are shown on a single plot to illustrate the
additional degradation seen when the measured polarity is opposite to the
- pulsed polarity.
‘
o
:
] 43
'ﬁhﬁkk:ﬂdﬁlﬁé;Lbzﬁﬂé;iﬂﬁgﬁ;:agﬁﬁ;ffx“'fg*J};;;ﬁi;:;‘gbxgu,iﬁi;;;;]n,\nu;ﬁ.gykc




%
S PULSED IN TmE FOSITIVE DIRECTIZM
uv—jﬂ
LEGEND
a=« 0.lmA pos ‘
o= |.0mA pos !
a =+ 0.lmA neg
P * = 1.0mA neg !
> oA .
N B
Ll X
9
T )
5 &
O w A ;
SE
< —=4 b
© L) | 1
0.0 1.0 2.0 3.0
NUMBER QF PULSES
Figure B-1. Clamping voltage versus number of ;
pulses for varistor 1. .
- PULSED IN THE POSITIVE DIRECTICON
B
LEGEND
o= 0.!mA pos
o a= |.0mA pos A
a4 s = 0.1mA reg )
—_ + = 1.0mR neg .
> .
w < g
24
—
. —_—— N
Se :
Q- X
™ - e o
N\
O. —_—
S
I T -
0.0 1.0 2.0 3.0
NUMBER OF PULSES

Figure B-2. Clamping voltage versus number of
pulses for varistor 2.

44




. . PR i . O U i .“1"»'.."J'_".',“x‘)l"‘i"-(!w“'.!"J"]

!
- PULSED N THE NEGART VT ZIREZTICH
o
=t
LEGEND ‘
o a - O.émg pos !
: o= 1.
= a~ 0.1nA neg ’
. — ¢+ = 1.0mA neg
> o
— v:._
2]
Ll
(€}
€ o
2 &7
[ow} ———
= I
@
o —a
=
T T )
0.0 1.0 2.0 3.0
NUMBER OF PULSES

Figure B-3. Clamping voltage versus number of
pulses for varistor 3.

PULSED IN THE NEGATIVE DIRECTION

< i
81 {
LEGEND |
o= 0.lmA pos :
) o= |.0mR pos
o s = 0.1mA neg
-« * = 1.0mA reg

(V)

VOLTAGE

[
I

LN

-

. Y &
PR

0.0 11.0 2’.0 3.0
NUMBER OF PULSES

)
%2

;;

fﬁ: Figure B-4. C(Clamping voltage versus number of
e pulses for varistor 4.

-

45

=




Lt S A

PR
e ts

e % % 0

e E,

.............

PULSED IN TrE ALTERNAT Z[RECTIZH

©
A
LEGEND
=} :: ?‘émgpos :
L - 0.imA heq :
_F iR ,
> n
w‘\'—‘
[ap]
()
o
T <
b l
S =g i
u'? .
ol |
=) ot ]
s |
- I T 1 f
0.0 1.0 2.0 3.0 |
NUMBER OF PULSES §
Figure B-5. Clamping voltage versus number of
pulses for varistor 5.
- PULSED [N THE POSITIVE OIRECTION
g.,
LEGEND
[} a - 0.51!\2 pos
N o= |.0Om o
g.l a = O.Imﬁge;
_ * = 1.0mA neg
> »n
.
uﬂ'
&)
T2
— 531
[an)]
>
w
-
o
e
[Yal
o T T —
0.0 1.0 2.0 3.0

NUMBER OF PULSES

Figure B-6. Clamping voltage versus number of
pulses for varistor 21.

46

-
Y
-

-
.
>
Ve
I-.
»

t
q
i



e e w
.
LI

oo

-
-

s

- . - - -
A RN
) A

LN 0 QS A ar i At Gt Sat el S S Sat S Ste it el St (ep Jn St d

PULSED IN THE POSITIVE OIXECTIZN

o
o -
D
LEGEND
e~ 0.lmR pos |
o o= 1.0mA pos
- a= 0.1mA neg
—wn + = 1.0mA neg
>
i
(D ©
CE -
=
=
> < - 4
iy :
) |
© T T 1 "
.0 1.0 2.0 3.2
NUMBER COF PULSES ‘
Figure B-7. Clamping voltage versus number of
pulses for varistor 22.
- PULSED IN THE NEGATIVE DIRECTICN
51
LEGEND |
a = J.lmA pos ‘
g SRnele
— 8— - l:émﬁ n:g
>
w2
O -
G: -
-
_l /.—’_—_—__\‘
Lo
® -
(a8}
o
o
T T -
0.0 1.0 2.0 3.0
NUMBER OF PULSES
Figure B-8. Clamping voltage versus number of
pulses for varistor 23.
a7
;\.. . __'_'..-‘ . ;-‘;&-' -, . . --’._--

S TN T NT T TN TN TN TNy

PR I SN

.
a
A




. T e ¥ T =

A

(V)

VOLTAGE

PULSED IN THE NESRTIVE DIRECTION

<
g M
LEGEND
o a = 0.!mA pos
. o= |.0OmR pos
%j a = 0.1mA neg
+ = 1.0mA neg
O. ]
€ |
-
. —
2 !
T ——s
e
& _
O. w
@« I
o
T 1 1

0.0 1.0 2.0 1.0
NUMBER OF PULSES

Figure B-9. Clamping voltage versus number of
pulses for varistor 24.

(v)

VOLTAGE

PULSED IN THE POSITIVE DIRECTION |

X
2
LEGEND
2= 0.imA pos
2 = |.0mA pos
s =~ 0.1mA reg
o = 1.0mA neg
Q 3
" |
!
o %
m—l
=
e
8
g T )

0.0 1.0 2.0 3.0
NUMBER OF PULSES

Figure B-10. Clamping voltage versus number of
pulses for varistor 25.

48

bl ghtainad, 0l Sk n b ol Sl Ack Sl i ok Al AR 4




(V)

VOLTAGE
300.0330.0 360.0 390.0 420.0 450.0

—J

i

1

1

T T
1.0 2.0
NUMEER OF PULSES

(=]
[w]

Figure B-11. Clamping voltage versus number of
pulses for varistor 30.

(V]

VOLTAGE

PULSED [N THE POSITIVE DO[RECTION

LEGEND
J.1mA
1.0mA
0. 1mA
1.0mA

3.0 4.0 5.0
NUMBER OF PULSES

Figure B-12. Clamping voltage versus number of
pulses for varistor 31.

49




A T T oo —y

Calin”aliradiar S sl alitt uish o L A A il o

EE e = B e P

PULSES IN T-Z NEGRTIVE 2IRECTICH

|
= |
c |
[ u .
el |
1 LESEND !
h a - ). imA pos |
! < 9 - é.ﬂmﬂ cos !
3 I e = J.imAd ~eg
H‘Q-{ + = 1.0mA neg l
J - !
= |
i e —————
3 W ]
» g ¢ |
. F_' (
r _J |
. O wn ;
] = |
, = \
3 ]
. |
3 l
7 T —~ T — - - T 1 1 \
3 20 10 20 3.0 40 S0 8.0 7.0 8.0 |
NUMEER OF PLLSIS ;

Figure B-13. Clamping voltage versus number of
pulses for varistor 32.

PULSES IN THE NEGARTIVE DIRECTION

(o]
< - |
> {
‘ LEGEND 1
l a - J.im? zos ,
: = o= 1.ZmR zos
! C f - 5P ne 3
’“8—“ s = 1.0mR ey l
>
> .
" |
o 2
T -
‘-—¢
-
o
=S4
D
m\‘__-..f
e
e}
I
4 T ~T T T T T n|
0.0 1.0 2.0 3.0 4.0 5.0 5.0 7.0 8.0
NUMBER OF PULSES
- -

Figure B-14. Clamping voltage versus number of
pulses for varistor 33,

50

~

& T T e e S R YUV VTV ey

-‘.j.'-'.'-'\;-','-y EAI LTSN L e
P I S S I, R S U Ny “n -~ Y

- L. i . R R o e
RSP W SPRLI  e IVIL  SP R Jh  Jeil Be BT Ay



m' CAM I M AR ARt 2 o )t i i s i Al et S AN A v L e A S M A A At et s R iincie Sl bl e Ao A A

w,
3 |
: [
o PULSED IN THE POSITIVE DJIRETTICN
S
ISy
w
‘ LEGEND
s = 0.lmA pos
h o o= |.0mA pos
o s = 0.1mA neg
-2 » = |.Omf neg
>
1] u o'
o 34
\ c <« -
- b=
. -J
. ©o
X > S -
)
. e
‘ o
. 53]
. ~N
. T T T T T T T T T T T 1
0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
- NUMBER OF PULSES

: Figure B-15. Clamping voltage versus number of
- pulses for varistor 40.
¥ o PULSED IN THE POSITIVE DIRECTION
- 8-1
LEGEND
: =) : : cl]ém: pos
- 21 - 0lnA heg
- — + = 1.0mA neg
> O
Z 9'_4
L o ——— ————
€ o
=81
=Rl
> o —
: =3
B8
S
', © T T T T T T T T T T T T Bl
0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
NUMBER OF PULSES
: Figure B-16. Clamping voltage versus number of
: pulses for varistor 41.
51
BT T A T T T T T A T TR v G G N L o A N N A N TR,



Pa'Bi Aha il S ar e B on S e g S ard b Boy Ja o dande st i aiea s o

PULSED [N THE POSITIVE CIRECTIIN

o
g -
z
LEGEND
2« 0.lmA pos
o o= |.0mA pos
= s = 0.1lmA neg
—_ 9 * = 1.0mA neg
>
T A S —— .
O 3
T 8
—
|
O o
>3
S
=
=) o
o)
<«
I
T T 1 T | N T T 1

0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
NUMBER Of PULSES i

Figure B-17. Clamping voltage versus number of
pulses for varistor 42.

o PULSED IN THE POSITIVE DIRECTION
£
LEGENC

= o - 0.imA pos

4 HiEE

- a = CimA one
—_ - 1.0mfA neg
> O
— 9'_
W * 4‘
o
— o] —_
a8
> o

=3

8

o

S

T Y T T T T T | S T ™
0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
NUMBER OF PULSES

Figure B-18. Clamping voltage versus number of
pulses for varistor 43.

52




P A e A A T R o B IS . s

PULSED IN THE POSITIVE DIRECTICN

i

S
o ]
L 2
: LEGEND
. o e« (.1mA pos
* 3 ladm
_.’ .= 1.0mA neg
» >Q'
Uo— P— 1
¢ o
. [N :
I D)
. ac <
. 25 —
=9

—

. B
Y o

[¢0)

N T T T Rl T T T T T 1 T 1
¥ 0.01.0 2.0 3.0 4.0 S.0 6.0 7.0 8.0 $.0 10.011.012.013.0
y NUMBER OF PULSES

Figure B-19. C(lamping vaoltage versus number of

pulses for varistor 44.
! o PULSED IN THE PQSITIVE DIRECTION
. 2
: N

LEGENG

o o= 0.lmA pos

24 o= égmg pos
. N .= 1.0mA 223
- >O.J
: — o
« (_‘_]a <“_\~ >— e —

CDQ
. T -
. - o
N - B -e
N S
. ©
: S -
. S

&

: - T T T T T L 1 T L T 1
y 0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
. NUMBER OF PULSES

9

- Figure B-20. Clamping voltage versus number of

& pulses for varistor 50.

<

: 53

r

Y

R T T A e e e e e Lt e T e L e e N T T s e L e me e e .
v AT N IR ST AL P S AT AL s I P A P P T T T T S T A A




LRVEIACAL LA S ar Sharibl QUBLINS M Earsl Bl i v s b i A AR AN A - il sl SaAle dile af A it e i Aot Rt At R Sl Sl I Tt it Tl i AR Tt
AR AL A/l Radi RS AN AL N B R LN R

]
o PULSED IN THE PCSITIVE DIRECTION
o _
o~
(V]
LEGEND
< o= (.lmA pos
2_ o = 6.?:"2905 |
& = . lmA Nne h
_N v - l.Omﬂneg !
> O o
_.C;_r/"'f
N
E o
-~ o
-2
o
> o
o;\
L
< A
o
N
- T | 1 T 1 T i T T T T T 1
0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
NUMBER OF PULSES
Figure B-21. Clamping voltage versus number of
pulses for varistor 51.
o PULSED IN THE POSITIVE DIRECTION
o
RT
LEGEND
< a = 0.lmA pos
= o= cl]?mg pos
a = .lmA ne
,__N « = 1.0mA neg
> Q
Z 3]
& o
— QO S—
= @
o
> o
o |
w
3
o
o /
T 1 T T T T 1 T i 1 I 1 1
0.01.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.011.012.013.0
NUMBER OF PULSES

Figure B-22. Clamping voitage versus number of
pulses for varistor 52.

54




APPENDIX C

CLAMPING VOLTAGE DATA AND I-V CURVE DATA
; FOR VARISTOR 21

Appendix C contains the data for the plots in Appendix B and the I-V curve
3 data for varistor 21. These I-V curve data were used in the sample calcula-
tions in the report.
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Table C-1. GE metal oxide varistor V33MAlA.

Number of Cumulative Pulses

No. 0 1 2 3
Pulsed Positive
1 0.1 mA pas 23.80 4.87 3.91 3.30
1 mA pos 26.73 11.22 7.76 7.60
0.1 mA neg 23.50 4.23 3.02 2.93
1 mA neg 26.50 9.67 7.31 6.93

Pulsed Positive

2 0.1 mA pos 35.20 29.98 28.34 28.91
1 mA pos 39.02 33.56 32.79 32.66
0.1 mA neg 34.78 26.14 25.80 25.83
1 mA neg 38.32 32.52 31.76 32.69

Pulsed Negative

3 0.1 mA pos 32.35 19.49 18.72 195.12
1 mA pos 35.34 25.55 24.73 24.21
0.1 mA neg 32.21 21.67 21.78 21.29
1 mA neg 35.49 27.05 26.27 25.74

Pulsed Negative

4 0.1 mA pos 34.29 7.42 7.94 7.54
1 mA pos 38.63. 15.74 15.28 14.6
0.1 mA neg 32.31 10.04 9.67 9.07
1 mA neg 37.68 18.72 17.97 16.91

Pulsed Alternating

5 5 0.1 mA pos 34,73 19.14 18.97 20.55

! 1 mA pos 37.95 27.51 26.62 26.88

x G.1 mA neg 34.81 24.53 23.81 19.97

N 1 mA neg 38.01 30.15 29.23 26.42
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Table C-2. GE metal oxide varistor V47AZ7.

Number of Cumulative Pulses
0 1 2 3

Pulsed Positive
.1 mA pos 43.45 36.00 38.65 38.67

1 mA pos 47.43 44.90 45.98 45.86
0.1 mA neg 43.26 25.41 28.85 31.27
1 mA neg 47.68 38.09 40.15 41.41

Pulsed Positive
0.1 mA pos 44,92 44,.50 45.12 42.49

1 mA pos 48.89 29 .92 50.41 47.55
0.1 mA neg 45.35 36.60 36.86 38.05
1 mA neg 49 .02 45.92 46.39 45.93

- Pulsed Negative
0.1 mA pos 41 .91 32.47 33.64 35.14

1 mA pos 45.53 42.34 42.78 43.23
0.1 mA neg 42.29 40.72 41.58 41.57
1 mA neg 45.68 45.84 46.11 46.03

Pulsed Negative
0.1 mA pos 42.14 30.20 31.56 32.27

1 mA pos 45.68. 41.61 42.09 42.10
0.1 mA neg 42.% 38.94 ».29 .18
1 mA neg 46.07 45.80 45.92 46.01

Pulsed Positive

0.1 mA pos 44,51 2.70 36.35 36.35
1 mA pos 48.44 41.98 43,57 43.45
0.1 mA neg 46.07 20.13 .51 .18
1 mA neg 49.56 33.60 38.70 38.99

...................................................
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Table C-3. GE metal oxide varistor V275LA40A.

Number of Cumulative Pulses

No. 0 1 2 3 8
Pulsed Positive

30 0.1 mA pos 338.58 339.81 340,27 339.80
1 mA pos »2.10 4.25 »5.70 »5.14
0.1 mA neg 338.55 319.80 325.14 324.21
1 mA neg 392.48 380.53 383.86 382.82
Pulsed Positive

31 0.1 mA pos 444,33 427.22 425,72 428.30 423.00
1 mA pos 468.60 470.80 474,12 475.50 474.33
0.1 mA neg 445 .92 381.09 376.80 376.78 369 .69
1 mA neg 470.14 443,11 440,66 436.22 427.75
Pulsed Negative

32 0.1 mA pos 387.15 389.84 371.44 369.74 359.54
1 mA pos 432.35 437.20 430.65 428.20 418.85
0.1 mA neg 386.71 364.10 383.40 384.24 384.45
1 mA neg 432.85 423.67 437.80 439 .40 440.70
Pulsed Negative

33 0.1 mA pos 381.22 359 .81 359.71 359.60 424.08
1 mA pos 421.05 410.80 410.67 409.39 374.50
0.1 mA neg 380.52 379.77 381.32 383.01 479.88
1 mA neg 420.17 424,58 426.66 427.61 436.66
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Table C-4. GE metal oxide varistor V250PA40C.

Number of Cumulative Pulses
No. 0 1 2 3 8 13
Pulsed Positive
40 0.1 mA pos 383.01 379.70 360.35 355.66 315.75 329.71
1 mA pos 402.57 403.37 403.26 H9.99 385.65 389.77
0.1 mA neg 385.33 36l1.44 344,44 338.92 2299.42 304.74
1 mA neg 403.75 400.74 390.82 388.34 363.48 362.40

Pulsed Positive

41 0.1 mA pos 369.71 369.75 369.62 368.70 363.66 246.83
1 mA pos 397.77 397..67 399.24 P%.71 398.56 400.02
0.1 mA neg 370.06 351.06 342.44 341,94 329.76 326.81
1 mA neg 369.94 P2.45 386.31 385.11 377.63 374.31

Pulsed Positive

42 0.1 mA pos 358.90 329.76 313.06 304.24 290.33 326.81
1 mA pos 381.75 374.34 369.65 366.76 359.78 353.52
0.1 mA neg 359.81 314.89 2296.36 290.41 278.40 271.31
1 mA neg 382.43 363.18 357.55 354.22 343.77 337.85

Pulsed Positive

43 0.1 mA pos 386.42 376.83 376.05 377.50 374.56 375.66
1 mA pos 406.20 402.03 405.36 404.33 404.51  405.88
0.1 mA neg 387.38 357.85 343.50 348.28 337.97 334.75
1 mA neg 406.87 395.31 386.46  384.79 384.14 382.00

Pulsed Positive

44 0.1 mA pos 350.43 341.16 341.33 » 342.13 338.68 339.90
1 mA pos 373.46 371.46 371.92 372.80 372.72 373.62
0.1 mA neg 351.42 314.70 312.80 313.10 300.56 295.29
1 mA neg 374.20 357.35 357.83 356.71 349 .22 345.76
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Table C-5. GE metal oxide varistor V130HE150. .

Number of Cumulative Pulses
NO. 0 1 2 3 8 13

Pulsed Positive

50 0.1 mA pos 189.35 190.62 184.18 185.50 178.55 177.81
1 mA pos 204.26 209.05 206.08 206.32 202.90 205.32
0.1 mneg 189.55 167.24 147.66 153.91 138.18 132.98
1 mA neg 204.51 193.75 178.33 182.21 168.38 165.06

Pulsed Positive

51 0.1 mA pos 199.92 195.62 195.20 198.61 190.38 192.16
1 mA pos 214.28 217.01 217.79 218.31 216.42 217.30
0.1 mA neg 200.49 152.99 150.80 158.39 138.44 138.63
1 mA neg 214.48 184.97 185.52 189.45 171.26 170.68

Pulsed Positive

52 0.1 mA pos 192.07 185.00 190.43 188,52 180.95 181.97
1l mA pos 205.70 206.80 209.27 208.42 205.62 206.91
0.1 mA neg 192.29 143.65 143.21 149.25 131.79 129.53
1 mA neg 205.90 174.26 174.87. 178.38 163.40 160.53 !
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Table C-6. I-V curve and AC power.

varistor Type: V47ZA7 Charging Voltage:
varistor No.: 21 Cumulative No. of Pulses:
Date: 8/6/85 Time: 1:50 Cumulative Energy: 0O
Positive Polarity Measurement
R (iR) VR (v) Iv vy (v)
995.8 0.09958 100 nA 0.83
99.6 0.0996 1 uA 8.56
99.6 0.4980 5 UuA 32.56
9.98 0.0998 10 uA 38.84
9.98 0.499 S0 WA 42.25
1 0.1 0.1 mA 43.45
1 0.5 0.5 mA 46.07
c.1 0.1 1 mA 47.43
0.1 1 10 mA 51.87

AC power dissipation at vm(AC) (130 v) 0.9 mW
AC power dissipation at 1 mA 20 mw

Negative Polarity Measurement

R (k) Ve (V) I, v, ™)
995.8 0.9958 100 nA 0.86
99.6 0.0996 - 1 uwA 8.50
99.6 0.4980 5 UuA 32.41
9.98 0.0998 10 uA 38.12
9.98 0.499 50 UuA 41.85
1 0.1 0.1 mA 43.26
1 0.5 0.5 mA 46.38
100 0.1 1 m 47.68
100 1 10 mA 52.30

AC power dissipation at Vm(AC) (130 v) 0.9 mw
AC power dissipation at 1 mA 19.8 mw
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Table C-6. Continued.
varistor Type: VA47ZA7 Charging voltage:
varistor No.: 21 Cumulative No. of Pulses: 1+
Date: 8/9/85 Time: 12:53 Cumulative Energy:
Positive Polarity Measurement
R (ka) Vg (V) I, v, (V)
995.8 0.09958 100 nA 0.60
99.6 0.0996 1 uA 4.61
99.6 0.4980 5 UuA 13.96
9.98 0.0998 10 UuA 18.81
9.98 0.499 S50 WA 31.18
1 0.1 0.1 mA 36.00
1 0.5 0.5 mA 42.69
0.1 0.1 1 mA 44.90
0.1 1 10 mA 51.00
AC power dissipation at Vm(AC) (130 v) 10.3 mw
AC power dissipation at 1 mA 18.6 mwW
Negative Polarity Measurement
R (kQ) Va (v) IV v, (v)
995.8 0.9958 100 nA 0.62
99.6 0.0996 1 uA 4.10
99.6 0.4980 S UuA 10.38
9.98 0.0998 10 uA 13.91
9.98 0.499 50 uA 21.98
1 g.1 0.1 mA 25.41
1 0.5 0.5 mA 34.12
100 0.1 1 mA 38.09
100 1 10 mA 48.07
AC power dissipation at vm(AC) (130 v) 9.7 mW
AC power dissipation at 1 mA 18.7 mw
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Table C“60

Continued.

T L Y e e e v ey

Varistor Type: V47ZA7

Varistor No.: 21
Date: 8/13/85

Time:

10:00

Charging Voltage:

Cumulative No. of Pulses:

Cumulative Energy:

2

Positive Polarity Measurement

R (k@) Vg (V) I, v, (V)

; 995.8 0.09958 100 nA 0.70
X 9.6 0.0996 1 uA 5.90
‘ 9.6 0.4980 5 UuA 18.03
3 9.98 0.0998 10 uA 23.30
y 9.98 0.499 50 uA 34.90
‘ 1 0.1 0.1 mA 38.65
1 0.5 0.5 mA 43.78

0.1 0.1 1 mA 45.98

0.1 1 10 mA 51.45

AC power dissipation at vm(AC) (130 v) 5.9 mw

AC power dissipation at 1 mA 18.6 mW
Negative Polarity Measurement

R (kQ) Ve (V) I, v, (V)
995.8 0.9958 100 nA 0.77
99.6 0.0996 1 uA 5.50
99.6 0.4980 5 UuA 12.82
9.98 0.0998 10 uA 16.60
5.98 0.499 50 uA 25.04

1 0.1 0.1 mA 28.85

1 C.5 C.5 mA 37.12
100 0.1 1 mA 40,15
100 1 10 mA 49,12

AC power dissipation at Vm(AC) (130 V) 5.6 mw

AC power dissipation at 1 mA

19.3 mW
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Table C-6. Concluded.

. varistor Type: VA47ZA7 Charging Valtage:
. varistor No.: 21 Cumulative No. of Pulses: 3
; Date: 8/14/85  Time: 12:59 Cumulative Energy:
Y Positive Polarity Measurement
R (k) Vo (V) I, v, vV
995.8 0.09958 100 nA 0.82
99.6 0.0996 1 uh 7.09
99.6 0.4980 5 uA 20.64
: 9.98 0.0998 10 uA 26.27
.' 9.98 0.499 S0 uA 35.58
% 1 0.1 0.1 mA 38.67
1 0.5 0.5 mA 43.95
’ a.1 0.1 1 mA 45.86
. Q.1 1 10 mA 51.50
AC power dissipation at vm(AcJ (130 v) 6.2 mW
AC power dissipation at 1 mA 18.7 mw

Negative Polarity Measurement

R (kQ) Vg (V) I, v, (V)
: 995.8 0.9958 100 nA 0.88
99.6 0.0996 1 A 6.43
1 99.6 0.4980 5 uA 15.90
‘ 9.98 0.0998 10 uA 19.76
- 9.98 0.499 50 UA 28.08
: 1 0.1 0.1 mA 31.27
- 1 0.5 0.5 mA 38.61

100 0.1 1 mA 41.41

100 1 10 mA 49.56

AC power dissipation at Vm(AC) (120 v) 5.5 mw
AC power dissipation at 1 mA 18.9 mw
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